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a b s t r a c t
Aerobic granular sludge is a promising process for nutrient removal in wastewater treat-
ment. In this work, for the first time, biologically induced precipitation of phosphorus as
hydroxyl-apatite (Ca5(PO4)3(OH)) in the core of granules is demonstrated by direct spectral
and optical analysis: Raman spectroscopy, Energy dispersive X-ray (EDX) coupled with
Scanning Electron Microscopy (SEM), and X-ray diffraction analysis are performed simul-
taneously on aerobic granules cultivated in a batch airlift reactor for 500 days. Results
reveal the presence of mineral clusters in the core of granules, concentrating all the
calcium and considerable amounts of phosphorus. Hydroxyapatite appears as the major
mineral, whereas other minor minerals could be transiently produced but not appreciably
accumulated. Biologically induced precipitation was responsible for 45% of the overall P
removal in the operating conditions tested, with pH varying from 7.8 to 8.8. Major factors
influencing this phenomenon (pH, anaerobic phosphate release, nitrification denitrifica-
tion) need to be investigated as it is an interesting way to immobilize phosphorus in
a stable and valuable product.
1. Introduction
Phosphorous is a key nutriment for the development of life,
constituting one of the major nutrients necessary for agricul-
tural activity. However, the quantities of mineral phosphorus
resources (phosphate rock) are decreasing in the world,
makingphosphorus recoverynecessary in thecomingcentury.
On the other hand, the high phosphorus and nitrogen content
of wastewaters leads to serious problems of eutrophication in
ponds, rivers and seas. Therefore, research is now focusing
increasingly on combinedprocesses that removephosphorous
fromwastewaters and simultaneously recover it in the formof
a valuable product, for example, struvite or hydroxyapatite
(De-Bashan and Bashan, 2004; Shu et al., 2006; Suzuki et al.,
2006). Phosphorous recovery techniques are particularly
suited to high strength wastewaters produced by anaerobic
sludge digestion (Demirel et al., 2005; Lemaire, 2007). Calcium
or magnesium phosphates can be formed by crystallization
and recovered in specific reactors via pH control and chemical
dosing (Seckler et al., 1996; Katsuura et al., 1998; Mu¨nch and
Barrm, 2001; Giesen, 1999; Baur et al., 2008). The spontaneous
phenomenon has been reported to cause economic damage
related to pipe cloggingwhen it is not controlled (van Rensburg
et al., 2003). In activated sludge systems, biologically induced
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phosphate precipitation has also been reported but less
investigated (Maurer et al., 1999; Pambrun, 2005; De Kreuk
et al., 2005). Calcium phosphate precipitation is thought to
contribute to P removal in Enhanced Biological Phosphorous
Removal processes (EBPR) and it is considered to enhance
biological P removal efficiency (Maurer et al., 1999). Local
precipitation is naturally induced when the pH and ion
concentrations lead to mineral supersaturation. In the case of
calcium or magnesium phosphate, their formation can be
caused by phosphate release due to Polyphosphate Accumu-
lating Organisms (PAO) during the anaerobic phase, but also
clearly depends on pH. Bioreactions (e.g. nitrification and
denitrification) or aeration (CO2 stripping) lead to pH gradients
whichcanbe responsible formineralprecipitation inbiological
sludge (Pambrun, 2005; Bogaert et al., 1997; Saidou et al., 2009;
Zhu et al., 2007). These processes still need to be clarified in
granular sludge systems.
The aerobic granular sludge process is a promising tech-
nology forwastewater treatment because of its small footprint
and capacity to treat high organic loading rates and its
simultaneous nutrient removal through nitrification, denitri-
fication and BioP accumulating processes (Morgenroth et al.,
1997; Etterer and Wilderer, 2001; De Kreuk et al., 2005;
Lemaire, 2007). The dense-spherical structure of granules
leads to transfer limitations (Liu and Tay, 2004; Adav et al.,
2008), promoting not only DO gradients but also local pH
gradients coming from biological reactions, especially in the
case of enhanced denitrification (Wan and Sperandio, 2009;
Wan et al., 2009). As phosphate accumulating bacteria can
also be present inside the granules (Lemaire, 2007), anaerobic
phosphate release can encourage P precipitation within the
core of the microorganisms, where subsequent solubilization
of the crystals would be more difficult than in the bulk.
Phosphate precipitation in a granular sludge process was
assumed (but not directly demonstrated) by Yilmaz et al.
(2007), De Kreuk et al. (2005) and De Kreuk and van
Loosdrech (2007). By estimating its supersaturation index,
Yilmaz et al. (2007) suggested that struvite could be transiently
formed during the anaerobic phase of the SBR cycle. The
contribution of this process to overall P removal was esti-
mated to be less than 10 percent on the basis of a perchloric
acid extraction method (Haas et al., 1988; Daumer et al., 2008).
Similarly, experimental results by De Kreuk et al. (2005)
suggest that P-removal occurs partly by biologically induced
precipitation in granular sludge. Extraction techniques
indicated that 2.6% of the sludge mass was due to precipitates
(P/VSS), but the whole contribution of this process compared
to biological P removal processes was not quantified. For
simplicity, precipitationwas not includedwhenmodelling the
process but De Kreuk and van Loosdrech (2007) proposed to
increase themaximum fraction of polyphosphate in PAO from
0.35 (Hu et al., 2002) to 0.65 assuming that about 46% of the P
removal could be due to P precipitation and 54% due to poly-
phosphate accumulating bacteria. Recently, Maurer et al.
(1999) have proposed a model for naturally induced P precip-
itation in activated sludge, which is based on the assumption
that hydroxyapatite (HAP) and hydroxydicalcium phosphate
(HDP) are formed. The model can predict calcium and phos-
phate concentrations at different pH. However, in all these
studies, phosphate minerals formed in biological granules or
flocs have never been directly characterized, and the nature of
the phosphate precipitate is not demonstrated but only indi-
rectly deduced from stoichiometry of soluble species.
The characterization of precipitates inside aerobic granules
is still a relatively unexplored field. Minerals involved in phos-
phorus immobilization have been poorly qualified in biological
sludgebecause traditional techniques (likeX-raydiffraction) are
difficult to apply directly in such organic matrices (Cloete and
Oosthuizen, 2001). SEM-EDX analysis has recently been
applied todeterminecalcite formations ingranulesand innacre
shells (Ren et al., 2008). However, calcium or magnesium
phosphates have not been quantified in previous studies of
aerobic granules (Wang et al., 2006; Ren et al., 2008).
Therefore, the aim of this study is to reveal the nature of P
minerals which can accumulate in EBPR granular sludge
systems. In an attempt to determine the chemical composi-
tion of precipitates in granules, RAMAN spectroscopy, EDX
(Energy Dispersive X-ray) technique coupled with Scanning
Electron Microscopy (SEM), and X-ray Diffraction analysis
(XRD) are evaluated.
2. Materials and methods
2.1. Reactor operating conditions
Aerobic granules were cultivated in a Sequencing Airlift Batch
Reactor (SBAR), with aworking volume of 17 L, consisting of an
Nomenclature
DO dissolved oxygen mg/L
PAO polyphosphate accumulating organisms
VFA volatile fatty acids
EBPR enhanced biological phosphate removal
SI supersaturation Index Log U
STR struvite MgNH4PO4$6H2O
HAP hydroxyapatite Ca5(PO4)3(OH)
DCPD brushite CaHPO4$2H2O
ACP amorphous calcium phosphate Ca3(PO4)2
HDP hydroxy dicalcium phosphate Ca2HPO4(OH)2
U supersaturation ratio
IAP ionic activity product
K0 conditional solubility product
Kp thermodynamic equilibrium of precipitation
constant
TN total nitrogen mgN-/L
MLSS mixed liquor suspended solids g/L
MLVSS mixed liquor volatile suspended solids g/L
CAL calcite CaCO3
MAG magnesite MgCO3
WHT whitlockite Ca18Mg2H2(PO4)14
OCP octacalcium phosphate Ca8(HPO4)2(PO4)4
U¨ raman shift (cm#1)
PCA cold perchloric acid
airlift column (D ¼ 15 cm, H/D ratio ¼ 7) with a baffle plate
(length/width ¼ 83/15-cm-). An aerating diffuser providing
fine bubbles 3 mm in diameter was inserted at the bottom of
the reactor at one side of the baffle plate, achieving mixing
during both anoxic and aerobic phases (using nitrogen gas for
the anoxic phase and air for the aerobic one). Oxygen
concentration and pH were measured and recorded online
with selective probes (WTW TriOxmatic 701). Temperature
was maintained constant at 20 %C thanks to a water jacket.
Details of the system schematization can be seen in Wan,
2009. Process batch cycles of 4 h length were established as
follows: anoxic phase (20 min), aerobic reaction (145min), idle
(30 min), withdraw (30 min) and feed (15 min). Hydraulic
Retention Time (HRT) was fixed at 8.5 h, with a volumetric
exchange ratio of 50%. The columnwas fed at the bottomwith
a synthetic substrate (details in Wan et al., 2009) having the
following composition: COD of 1000 mg/L (25% contribution
each of glucose, acetate, propionic acid and ethanol);
[PO4
3#] ¼ 30 mgP/L, [Ca2þ] ¼ 46 mg/L, [HCO3
#] ¼ 100 mg/L,
[MgSO4$7H2O] ¼ 12 mg/L, [NH4
þ] ¼ 50 mgN/L,
[NO3
#]¼ 100mgN/L. Therefore, a COD/N#NH4
þ ratio of 20 was
maintained, and nitrate was dosed in order to maintain an
anoxic phase after feeding. Influent loading rates coming into
the reactor were as follows: 0.14 gN L#1 d#1 for ammonium,
0.08 gP L#1 d#1 for ortho-phosphate and 2.82 gCOD L#1 d#1 for
organic substrate.
2.2. Analytical characterization of the liquid and solid
phases
Chemical analyses were conducted according to standard
methods (AFNOR, 1994). COD (NFT 90-101), MLSS (NFT 90-105)
and MLVSS (NFT 90-106). NO2
#, NO3
#, PO4
3#, NH4
þ, Ca2þ, Kþ,
Mg2þ concentrations were analyzed by Ion Chromatography
(NFT 90-023) after being filtered with 0.2 mm pore-size acetate
filters. Microscopic observations over the whole sludge
sample were performed with a Biomed-Litz! binocular
photonic microscope. Particle size distribution was measured
with a Malvern 2000 Mastersizer! analyser. Granules were
sampled at the end of the aerobic phase. Those analyzed by
EDX or Raman Spectroscopy had been previously cut into thin
slices of 100 mm using a cryo-microtome (Leica CM 30505
Kryostat). Those analysed by XRD had been previously dried
and calcined in an oven at 500 %C for 2 h, in order to remove the
organic fraction.
Raman Spectroscopy was performed with an RXN Kaiser
Optical Systems INC at a wavelength of 785 nm in the visible
range. Two different optical fibres were used for the incident
(50 mm) and collected (100 mm) rays. EDX analysis was per-
formedwith a photon X analyzer (Quantax Technology Silicon
Drift) having a detection limit of 127 eV. It was coupled to
a SEM (JEOL 5410 LV) which allowed working in a partial
pressure chamber. The reference samples used for comparing
the mineral spectra were: struvite (CAS N.13478-16-5), calcite
(CAS N. 72608-12-9), magnesite (CAS N. 235-192-7), hydroxy-
apatite (CAS N. 12167-74-7) and brushite (CAS N. 7789-77-7).
XRD analyses were performed with a BRUCKER D5000
diffractometer,with a cobalt tube scattering from4 to 70% in 2q.
Chemical nitrogen and total phosphorus extractions were
performed in accordance with standard methods (NFT 90-110
and NFT 90-136 respectively) adapted for the granular
samples: first a physical separation was made between flocs
and granules bymeans of a 315 mm shiver, then granules were
rinsed with a volume of ultrapure water and the volume of
sample extracted was re-established with ultrapure water
before analysis.
The Supersaturation Index (SI) for eachmineral considered
(eq. (1)) was calculated as the logarithm of supersaturation
ratio:
SI ¼ log U ¼ log
!
IAP
½K0'
"1=j
(1)
where IAP is the Ionic Activity Product of the ion concentra-
tions involved in the mineral precipitation; j is the number of
ions of the mineral and K0 refers to the conditional solubility
product, which includes the thermodynamic mineral precip-
itation constant at a given temperature, the ionic activity
coefficients, and the ionization fractions of each component
(Snoeyink and Jenkins, 1980; Burriel et al., 1985). The PHREEQC
software (Minteq.v4 database) was used to calculate the
chemical equilibrium for each sample collected in the reactor.
Ionic Strength was taken into account as well as the ionic
activity coefficients by the Davies approach (Parkhurst et al.,
1980; Burriel et al., 1985; Mostastruc, 2003). pKp of struvite
(STR), hydroxyapatite (HAP), brushite (DCPD), amorphous
calcium phosphate (ACP) and hydroxyl dicalcium phosphate
(HDP) considered were respectively: 13.26, 57.5, 6.6, 26.52 and
22.6 (Ohlinger et al., 1998). Oversaturating conditions were
considered to be achievedwhen SI> 0.5 (theoretically zero but
a security margin is usually given (Burriel et al., 1985; Rahman
et al., 2006)).
3. Results
3.1. Reactor performance and kinetics assessment
The sequencing batch reactor was operated for 540 days.
Mean efficiencies of COD, total Nitrogen and Phosphorous
removal, as well as MLSS, MLVSS and SVI30 values are shown
in Table 1. An SVI5/SVI30 ratio closer to 1, indicates a major
presence of granules in the whole sludge. MLVSS and MLSS of
the whole sludge were measured regularly in the reactor with
Table 1 e Mean values measured during 500 days of
reactor performance, for Mixed Liquor Suspended Solids;
soluble COD, Total Nitrogen and Phosphorous
efficiencies; MLVSS/MLSS ratio, Sludge Volume Index
after 30 min and SVI5/SVI30 ratio.
Period
of time
(days)
MLSS
(g/L)
h
COD
(%)
h
TN
(%)
h P
(%)
MLVSS/
MLSS
e
SVI30
(mL/g)
SVI5/
SVI30
e
0e100 14 94 92 62 78 33 2.0
100e200 13 97 100 31 83 34 1.7
200e300 22 93 96 56 77 22 1.5
300e400 28 93 96 67 67 15 1.0
400e500 34 97 97 50 65 15 1.0
time, values of 30e35 and 21e25 g/L being achieved for MLSS
and MLVSS respectively at the end of the study. The MLVSS/
MLSS ratio of granules progressively decreased from 80% to
67%, indicatingmineral accumulation. Final SVI5was 15mL/g.
As shown in Fig. 1, the mixed liquor in the reactor was
composed of granules and flocs, the latter disappearing
progressively with time. Particle size distribution analyses
revealed that 800 mm was the most probable diameter for
granules. At the end of the 540 days of reactor run, removal
efficiencies achieved were 100% for ammonium, 100% for
nitrate, 82% for ortho-phosphates and 99% for soluble COD.
Kinetic analyses were performed during the batch cycle to
assess ammonia, nitrate, COD and phosphate removal rates.
Figs. 2 and 3 show typical time-series profiles in the reactor
obtained with two different aeration flow rates (160 L/h and
350 L/h respectively). The separation between the anoxic/
aerobic phases is depicted by a dotted vertical line.
Ammonium was first partially removed during the non-
aerated phase and then during the aerobic phase via nitrifi-
cation. Ammonium consumption during the anoxic phase
was due to heterotrophic assimilation but it could also be
explained by other, non-biotic processes like adsorption
(because of high MLSS) or precipitation (as struvite for
example). Nitrate and nitrite concentration remained negli-
gible at all times, confirming that simultaneous nitrification
and denitrification occurs in granular sludge. Regarding
phosphorus, several mechanisms seemed to take place
simultaneously. Kinetics in Figs. 2 and 3, show phosphorus
release during the anaerobic phase and P uptake during the
aerobic period, Meanwhile, biological staining with sudan
black and safranin was carried out according to the method
reported in Pandolfi et al. (2007), revealing lipid and PHB
accumulations in different granules samples taken during the
anoxic phase (results not here shown). Both kinetics and color
staining results, suggested the presence and activity of Poly-
phosphate Accumulating Organisms (PAO). Fig. 2a and b show
that phosphate uptake rate was higher for higher aeration
rate, because dissolved oxygen was limiting at low aeration
rate (DO being maintained at 0.3 mg/L). Final phosphate
concentration was thus lower at the high air flow rate
(2.5 mgP/L) compared to the low aeration rate (8 mgP/L). Mg2þ
and Kþ fluctuations followed those of P (Fig. 3a and b). This
was related to polyphosphate synthesis, which general
formula is Menþ2PnO3nþ1, where n indicates the chain length,
and Me represents a metal cation (Jardin and Po¨pel, 1996). In
contrast, Ca2þ concentration showed a very different trend. It
decreased rapidly during the non-aerated period following
wastewater feeding. This behavior can be explained by a rapid
formation of calcium complexes or precipitates, which will be
demonstrated in the following section.
Total phosphorus was extracted from granular sludge
samples collected at the end of the aerobic cycle. It was carried
out in triplicate after 520 days of reactor operation (according
to the method detailed in section 2.2). Results indicated that P
contentwas 56( 7.3mgP/gSS. This value is not really different
from values usually reported for EBPR sludge. In EBPR
Fig. 1 e Granules and flocs in the reactor after 520 days of
operation. The bar dimension is 2 mm.
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Fig. 2 e Variation of NO3L, PO43L, NH4Dand COD in the reactor bulk during a cycle operation with weak aeration (160 L/h)
(2a) and high aeration (350 L/h) (2b) rates.
systems, this value is related to the polyphosphate content of
sludge, which depends on various parameters: fraction of PAO
in the sludge, wastewater COD/P ratio and fraction of volatile
fatty acids in wastewater. Li and Liu (2005) reported a similar P
content at a similar P/COD ratio. However, the following
paragraphwill show that phosphorus is not only accumulated
in polyphosphate form but also as a precipitated mineral
compound.
3.2. Raman analysis
Raman analysis is a non-destructive analytical technique that
requires limited sample preparation (Hollas, 1996; Skoog and
Nieman, 2003). It was chosen because of its low water back-
ground, as well as for providing sharper and clearer bands
than IR spectra (Barbillat, 2009). It has already been proved for
the characterization and identification of different biological
systems since the biologically associated molecules can
exhibit a unique spectral pattern (Ivleva et al., 2009). In an
attempt to determine the internal structure of the granules,
samples were cut into slices of 100 mm width, prepared as
described in section (2.2). Then, a central slice was chosen and
observed with a binocular microscope before being analyzed
by Raman Spectroscopy. As shown in Fig. 4a, microscopic
observation of a typical central slice revealed a white crys-
talline precipitate in the centre of the granule. Spectroscopic
analysis was performed at different points of themineral core
(as indicated on Fig. 4a). An initial set of tests (not shown) was
also conducted beforehand with different samples: granules
taken at different batch cycle times, dehydrated flocs sepa-
rately, different cuts and thicknesses sliced from the same
granule. Finally, some pure minerals used as reference prod-
ucts (Struvite, hydroxyapatite, brushite, calcite and magne-
site), were also analyzed with Raman Microscopy and
compared to the sample spectra. The following conclusions
were drawn: (i) Both flocs and external granule slices showed
irregular curved spectra (due to organic matter) with no
remarkable matching peaks (ii) All spectra obtained in the
core of granules showed a common and reproducible pattern
of 8 peaks of different intensities (see Fig. 4b), considering that
a peak is noted when its intensity is three times the mean
background noise; (iii) All granule central slices had the same
typical peaks regardless of the cycle time.
According to Fig. 4b, the most important peaks in the
sample were found at the following Raman shifts (cm#1): 430,
588, 850, 962, 1072, 1135, 1295, 1448.
The spectra of granule core samples were compared with
those obtained with reference minerals. After an individual
comparison of frequency-intensity coincidence, it was
concluded that calcite and magnesite spectra (not shown) did
not match the sample at all. In Fig. 5, the most similar mineral
spectra have been depicted in order to compare the coinci-
dence of their peaks. Brushite shows two or three peaks not
far from those of granule spectra, but most of the major peaks
do not coincide (407, 586, 986, 1056 and 1114 cm#1). Struvite
spectrum indicates five peaks (421, 563, 944, 1053, 1112 cm#1)
which are very similar to those of the granule sample, but
differences in the Raman shifts are statistically significant.
The hydroxyapatite spectra show 4 peaks, which allmatch the
granule spectra (427, 589, 962, 1072 cm#1) with differences
lower than 3 cm#1. Globally, among all the different pure
mineral patterns compared, the hydroxyapatite spectrum
best fitted the sample in intensity and wave number but could
not explain all the peaks observed in the granule spectra.
These results suggest that hydroxyapatite is a major mineral
precipitated in the aerobic granule cores but the presence of
other minerals cannot be totally discounted.
3.3. SEM-EDX analysis
Scanning Electron Microscopy (SEM) coupled with Energy
Dispersive X-ray detector (EDX) analyses were carried out on
cut mature granules. Typical images are shown in Fig. 6 for
two typical central slices of different granules. It was
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Fig. 3 e Variation of KD, Mg2D, Ca2D, pH and O2 in the reactor bulk during a cycle operation with weak aeration (160 L/h) (3a)
and high aeration (350 L/h) (3b) rates.
found that inorganic precipitates occupied an important
fraction of the total volume of the granule, located in different
zones, mainly close to the centre. A first scanning map of
carbon (Fig. 6c and d) revealed that the central inorganic zones
did not contain large amounts of carbon in contrast with
peripheral organic biofilm. Similar results were observed for
nitrogen and magnesium (not shown). In contrast Ca and P
were mainly found together in the central precipitates and
comparatively poorly in the organic biofilm (Fig. 6e#h). This
result again supports the idea that calcium phosphates are
formed in the core of the granules. Phosphorus was also
detected but with lower concentration in the organic biofilm
zone. It probably came from polyphosphates in PAO clusters.
Fig. 6i and j, focus on the inorganic precipitate with a higher
objective. Fig. 6i reveals porous, ordered holes in the solid
mineral phase. This could be related to the mechanism of
precipitate formation around bacterial cells, in relation with
gaseous transfers between the microorganisms and the
extracellular medium. Another interesting result can be seen
in Fig. 8j, where some prismatic structures appear stacked,
similar to hydroxyapatite, which crystallizes in the hexagonal
system (Morgan et al., 2000;). Furthermore, several localized
EDX spectral analyses were made, pointing the probe at
different locations of the precipitate. The spectrum obtained
was very reproducible in different locations of the central
mineral zone (Fig. 6k). Analysis spectra clearly showed that
calcium, phosphate and oxygen were the major components
observed in the mineral zone whereas magnesium and
potassiumwere definitively absent. Quantitative analysis over
5 different samples showed that the Ca/P mean atomic ratio
obtained for the mineral precipitate was 1.63 ( 0.05, which is
quite close to the theoretical one for hydroxyapatite (1.67).
In parallel, scanning analyses of the flocs and supernatant
(not shown) did not reveal any similar calciumphosphates but
some sparse mineral particles with high K, Mg and P content
were found. These analyses indicated that calcium phos-
phates were exclusively accumulated in the granules whereas
other minerals could be formed in the bulk, e.g. magnesium
phosphate, ammonium struvite (MgNH4PO4
.6H2O) or potas-
sium struvite (KMgPO4$6H2O). However, they were detected in
much smaller amounts than hydroxyapatite.
3.4. XRD analysis
XRD analysis is an efficient tool for distinguishing crystalline
minerals from those of amorphous structure, so it was also
carried out on some granule samples. Three different prepa-
rations of granular samples were tested. Results of two
sample analyses (not shown), i.e. a sample of dried pulverised
granules and a wet sludge sample, revealed a major peak
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Fig. 4 e a: Central slice from a mature granule after 450 days of reactor run. The bar length is 100 mm. b: Spectra of core
aerobic granule slices.
Fig. 5 e Spectra of referenceminerals compared to a granule
central slice.
coinciding with calcium phosphate patterns. However, high
noise due to the organic fraction was present, making any
interpretation difficult. Thus, a third granular sludge sample
was treated to remove the organic matter (described in 2.2),
leading to the diffractogram presented in Fig. 7. A number of
distinct rays indicate the presence of crystalline forms. By
comparison with reference spectra, most of the peaks, and in
particular the bigger ones, coincided with those of the
hydroxyapatite spectrum (Ca5(PO4)3(OH)). The remaining
minor peaks coincided with whitlockite (Ca18Mg2H2(PO4)14).
The large central peaks indicate the possible presence of
amorphous mineral species.
It should not be forgotten that, for XRD analysis, the
sample was heated to 500 %C and so some hydroxylation
phenomena could have taken place. Considering that
hydroxyapatite dehydroxilation does not occur under 800 %C
(Wang et al., 2004), changes of this mineral in the original
sample, due to heating, would not take place. However, in the
range of 200e400 %C, dehydratation of the lattice and adsorbed
water of some other minerals could be possible according to
Kohutova et al. (2010). The magnesium and phosphorus
initially present in organic polymers (polyphosphate) could
precipitate in a new form during heating. Despite the fact that
XRD again confirmed the major formation of hydroxyapatite,
it is still difficult to know whether other intermediates were
present or not and, in the case of whitlockite (WHT), it might
have been formed during the heating process.
4. Discussion
4.1. Hydroxyapatite: a major phosphate mineral in
aerobic granules
All the results (Raman spectroscopy, SEM-EDX, and XRD)
support the same conclusion: hydroxyapatite (HAP) was the
major mineral found inside the phosphorus-rich granules in
this study. BothRamanandSEM-EDXanalysis allowedcalcium
phosphatemineral tobe identifiedandXRDanalysis confirmed
its crystalline form, but also suggested the presence of other
amorphous minerals. SEM-EDX analysis in Fig. 6e and f,
pointedout thatPwasalsopresent in theorganic fractionof the
aggregates, probably linked to polyphosphate stored in bacte-
rial biofilm. This last statement may be supported by the fact
that Mg and K elements, which are linked to polyphosphate
constitution, were also found sparsely in this area. SEM-EDX
indicates a very reproducible Ca/P ratio (1.63 ( 0.05) coin-
ciding with that of hydroxyapatite (1.67), and notably different
from other calcium phosphates (e.g. amorphous calcium
phosphate: 1.50; hydroxydicalcium phosphate: 2; whitlockite:
1.3). XRD analysis finally confirmed the presence of crystalline
hydroxyapatite, possibly associated with amorphous forms.
Considering that most of the calcium was immobilized with
phosphorus (as indicatedbySEM-EDX images)withaCa/P ratio
Fig. 6 e a: SEM imageof a granule central slice. b: SEM image
of a granule central slice. c: Carbon (red) scanningwith EDX.
d: Carbon (red) scanningwith EDX. e: P (dark blue) scanning
withEDX. f: P (darkblue) scanningwithEDX. g: Ca (lightblue)
scanning with EDX. h: Ca (light blue) scanning with EDX.
i: granule precipitate SEM images. j: granule precipitate SEM
images. k: Punctual analysiswith EDX probe of a precipitate
grown in a biological granule. (For interpretation of the
references to colour in this figure legend, the reader is
referred to the web version of this article.)
of 1.67 (hydroxyapatite), it is possible to estimate the contri-
bution of precipitation to global P removal. As Ca2þ removal
yield of 46% was obtained (0.488 mmol/L), it means that about
0.292mmolP/L was removed via hydroxyapatite precipitation.
This represents about 45% of the total P removal in the process
(82% of Pwas removedwhich represents 0.68mmol/L), the rest
being explained by biological mechanisms. The precipitation
contribution is hence much more significant than those esti-
mated in flocculated sludge (Haas et al., 1988). But this is in
accordance with the data obtained with granular sludge by De
Kreuk et al. (2005) and De Kreuk and van Loosedrech (2007),
which suggest that P accumulation in EBPR granules can
double the accumulation achieved in flocs, because of
precipitation.
In the calcium phosphate family, hydroxyapatite (HAP) is
commonly considered as the most stable phase and the most
insoluble one. According to Ostwald’s ripening theory (Mullen
et al., 2001), precursors such as brushite (DCPD), octacalcium
phosphate (OCP), and amorphous calcium phosphate (ACP)
contribute to its formation, brushite being the most soluble
phase. Hydroxyapatite and brushite were both considered in
this study as reference samples but brushite was not detected
(Raman). In one sense, our results confirm the first assump-
tion of Maurer et al. (1999) who supposed that hydroxyapatite
can be accumulated in EBPR systems. However Maurer et al.
(1999) also supposed that HDP was formed as an interme-
diate without any convincing explanation for that choice, and
this assumption is difficult to confirm in our case.
Of all the minerals that could be found in wastewater treat-
ment (Musvoto et al., 2000; van Rensburg et al., 2003; Larsdotter
et al., 2007), only a few were expected to precipitate in granular
sludge, in particular calcium carbonate (Ren et al., 2008; Wang
et al., 2006), or struvite (Yilmaz et al., 2007). Calcium carbonate
in calcite form, was previously detected in biological aggregates
and aerobic granules (Ren et al., 2008; Wang et al., 2006). Due to
their competition for calcium (Lin and Singer, 2006) mineral
phosphate and carbonate can inhibit each other. According to
several authors (Montastruc et al., 2003; Bellier et al., 2006), pH
plays an important role, favouring phosphate precipitation at pH
7e8.5, whereas both carbonates and phosphates co-precipitate
at pH 9e11. In our case, absence of calcite could be explained
simultaneously by low calcium availability due to hydroxyapa-
tite formation and inappropriate pH inside the granules. In
contrast with the assumption of Yilmaz et al. (2007), no struvite
was detected in the granules and struvite precipitation seems to
have played a minor role in phosphate immobilisation in our
study. However, samples were taken at the end of the aerobic
period, and it is possible that struvite had been transiently
formed in the previous anaerobic phase and afterwards solubi-
lized as ammonia was consumed during nitrification.
4.2. Parameters controlling phosphorus precipitation in
EBPR granular sludge
Supersaturation index calculation (SI) for different minerals,
for the supernatant, established for each time of the kinetic
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Fig. 7 e XRD diffractogram of a granule sample compared to HAP and WHT pattern.
experiments are shown on Fig. 8. Saturation index was
calculated using the Minteq.v4 database (PHREEQC, software)
with the pH and concentrationsmeasured in the bulk. Struvite
saturation index was negative throughout the batch cycle and
lessened progressively with ammonia consumption by nitri-
fication. This indicates that the ammonium and magnesium
concentrations were too low to cause struvite precipitation in
those conditions. Concerning calcium phosphates, the satu-
ration index for brushite and hydroxydicalcium phosphate
were close to zero, i.e. these minerals were not considerably
oversaturated. This suggests that the latter were poorly or
very briefly formed, only during the feeding period. SI for
amorphous calcium phosphate varied from around 1 to less
than 0.5. Finally, the highest value of SI (from 1.7 to 1.2) was
obtained for hydroxyapatite, i.e. the most stable phase among
the calcium phosphates showed oversaturation conditions
throughout the experiment.
In addition, for all the compounds studied, SI decreased
during the aerobic phase, because phosphate concentration
lessened (due to P uptake) and pH decreased (due to nitrifica-
tion). This result confirms that precipitation of calcium phos-
phate is more probable during the initial anoxic period, which
is inaccordancewith the tendencyobserved for calcium (Fig. 3).
Additionally, hydroxyapatite precipitate was observed in
the core of granules. This means that confined conditions
were more favorable for hydroxyapatite formation or accu-
mulation than conditions in the bulk. Three explanations can
be proposed: (1) higher local phosphate concentration, (2)
higher local pH and (3) higher retention time for granules.
Firstly higher local phosphate concentration is probably
reached during the anaerobic period due to phosphate release
by PAO in the internal part of granules. Simultaneously,
calcium was also provided during the anaerobic period by
means of wastewater feeding. In parallel, observed phosphate
releasewas relativelymoderate andwouldprobablyhave been
more significant if precipitation had not occurred. This shows
that feeding anaerobically is a method that encourages P
precipitation. Secondly, pH is obviously an important param-
eter controlling phosphate precipitation (high pH increases
hydroxyapatite supersaturation). Therefore, another possible
explanation for hydroxyapatite accumulation in the core of
granules is the fact that internal pHcanbehigher thanbulkpH,
because of denitrification. A last mechanism is the fact that
high retention time of granules encourages the formation of
themost stable calciumphosphate (HAP) due to low formation
rate and low solubilization rate, whereas other calcium phos-
phates mentioned before can be transiently produced and
resolubilized.
More generally, the importance of calcium precipitate
depends on influent characteristics. In this work, the range of
phosphate concentration was similar to those explored by
Maurer et al. (1999). It was slightly higher than those found in
conventional domestic wastewater but lower than those re-
ported for high strength wastewater like agro-food industry
waste (Yilmaz et al., 2007). Calcium, magnesium, and
ammonium concentrations were at moderate levels, similar
to those found in domestic wastewater. Comparatively to
other studies, pH was relatively high in this work, ranging
from 7.8 to 8.8 in a typical SBR cycle. This was due either to
bicarbonate stripping (pH was higher at high flow rate) and
denitrification, and hence, these two processes clearly
encourage hydroxyapatite precipitation.
4.3. Advantage of hydroxyapatite accumulation in
granular sludge
Hydroxyapatite is a phosphorus compound that is much more
stable than bacterial polyphosphate. In EBR systems, sludge
containing polyphosphates needs to be extracted and removed
rapidly from the system in order to avoid problems with
secondary P release. This makes it obligatory to restrict the
sludge retention time to a reasonable value, and then anaerobic
storage is impossible as phosphate would be released in the
liquid phase. In contrast, hydroxyapatite accumulation is
advantageous because long retention time for granules is
possible, as well as storage before agricultural use. In addition,
from our experience (data not presented), granules with
amineralHAPcore are very stable andcanbeeasilydehydrated.
Finally induced precipitation in granules seems to be
completely compatible with biological reactions. In
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Fig. 8 e a: Saturation Index for several minerals in the bulk during a cycle with weak aerating conditions. b: Saturation Index
for several minerals in the bulk during a cycle with strong aerating conditions.
comparison, one of the reported drawbacks of simultaneous
phosphorus precipitation in activated sludge process with
calcium (lime) is that precipitation occurs at high pH (e.g. 9),
which would be out of the optimal pH range for most biolog-
ical processes (Carlsson et al., 1997; Arvin, 1979). High reactant
excess is also necessary to reach very low P concentration at
conventional pH. In the Phostrip! process, lime addition is
thus performed on a side streamanaerobic reactor (Brett et al.,
1997). In contrast, due to important gradients within granules,
it is possible to maintain conditions in the core (favourable for
precipitation) which are different from those in the external
zone. In contrast with previous experience with flocculated
sludge, it is shown in this study that hydroxyapatite accu-
mulation in granular sludge is perfectly compatible with
major biological reactions. Future work will be necessary to
find the practical conditions which allow advantage to be
taken of this process during the treatment of real wastewater.
5. Conclusions
For the first time, different analyses (Raman, SEM-EDX, XRD)
have revealed the nature of phosphorus precipitates in an
EBPR granular sludge process.
C Raman analysis provided a repetitive pattern over
a granule core sample. The four main peaks coincided
with those of hydroxyapatite (Ca5(PO4)3(OH))
C SEM-EDX demonstrated the presence of mineral clusters
in the core of granules. These clusters concentrated most
of calcium and phosphorus and EDX revealed that Ca/P
ratios (1.63(0.05)wereclose to theratioofhydroxyapatite.
C XRD analysis of the mineral fraction of the sludge
confirmed that the major mineral present was a crys-
talline hydroxyapatite, although it probably coexists
with other minor amorphous calcium phosphates.
This work reveals that hydroxyapatite accumulation is an
important phenomenon in the EBPR granular sludge process
and merits attention in the future. In the conditions tested, it
is estimated that about 45% of the P removal was due to bio-
logically induced precipitation. In that sense, future work
should focus on the operating conditions which favor
hydroxyapatite accumulation as it could become an inter-
esting way of immobilizing and recycling phosphorus.
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